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Abstract. The study presents a numerical model of leaky integrate-and-fire neuron created on the 
basis of VO2 switch. The analogue of the membrane potential in the model is the temperature of 
the switch channel, and the action potential from neighbouring neurons propagates along the 
substrate in the form of thermal pulses. We simulated the operation of three neurons and 
demonstrated that the total effect happens due to interference of thermal waves in the region of 
the neuron switching channel. The thermal mechanism of the threshold function operates due to 
the effect of electrical switching, and the magnitude (temperature) of the threshold can vary by 
external voltage. The neuron circuit does not contain capacitor, making it possible to produce a 
network with a high density of components, and has the potential for 3D integration due to the 
thermal mechanism of neurons interaction. 
1. Introduction 
In recent decades, fundamental and applied research in the field of artificial intelligence has been 
actively conducted, where artificial neural networks (ANNs) play the leading role [1,2]. The main efforts 
are focused at developing new architectures, optimal learning algorithms and ways to improve the 
accuracy of ANN operation [3,4]. One of the promising research directions is the development of 
biosimilar neurons imitating the spikes of action potential in spike neural networks (SNN) or in the third 
generation ANN [5,6]. Several models of spike neurons can be distinguished in the literature: leaky 
integrate-and-fire (LIF), FitzHugh-Nagumo, Hindmarsh-Rose, Morris-Lecar, Hodgkin-Huxley, 
Izhikevich [7]. The size of a neuron is one of the most important parameters of any neuromorphic 
microcircuit, as it determines the number of neurons that can be integrated in a single die. A larger 
number of neurons would allow the solution of more complex cognitive tasks. Currently, there are 
microcircuits containing 106 neurons, while the human brain contains about 1011 neurons [8]. Therefore, 
reducing the size of a neuron and manufacturing more compact neural networks with the possibility of 
3D integration are the relevant tasks, especially for integrate-and-fire neurons, where a capacitor is used 
as an integrating element to add the actions from all inputs of the neuron. One of the methods of 
miniaturization is the reduction of elements in the circuit, and in particular, capacitors that occupy a 
significant area. It can be implemented by employing new physical effects in the mechanism of neuron 
  
 
 
 
 
functioning. One of the promising materials for neuromorphic devices is vanadium dioxide. Having a 
metal insulator transition and the effect of electrical switching, this material is a good alternative for the 
creation of neuromorphic, logical, and oscillatory devices [9–11]. 
In the current study, we investigate one of the simplest biosimilar models of a neuron – LIF neuron, 
based on a VO2 switch. The temperature of the switch channel is used as an analogue of the membrane 
potential. The action potential from neighbouring neurons propagates along the substrate in the form of 
thermal pulses. The summation of neurons interaction and the effect on the membrane potential happens 
in the region of the neuron switching channel due to interference of thermal waves. The thermal 
mechanism of the threshold function is caused by the effect of electrical switching. 
The simplest circuit of a neuron is one VO2 switch and one load resistor connected to a power source, 
without a capacitor. The study presents the results of numerical simulation of a circuit of three 
interacting VO2 neurons and explores the concept of the architecture of a pulsed neural network with a 
thermal mechanism of the membrane potential and threshold function. 
2. Circuit of the VO2 neuron 
The neuron circuit is presented in Figure 1(a). The main element of a neuron is a two-electrode switch 
based on vanadium dioxide. This material has a metal-insulator phase transition with a sharp change in 
resistivity, up to 5 orders of magnitude, at a phase transition temperature Tth ~ 340 K, which determines 
the presence of the electric switching effect in VO2 structures [12]. The simulation of two-electrode 
planar switching structures of Au-VO2-Au was performed in the COMSOL Multiphysics modelling 
software, with the physical parameters of the VO2 film presented in [13], the electrode capacitance was 
not taken into account. The planar dimensions of the gold contacts and the VO2 film were 1 μm x 1 μm, 
and the thickness was 100 nm. Sapphire was used as the substrate material (substrate size 20 μm x 20 
μm x 20 μm). When simulating the I–V characteristic of the switch, a linearly increasing voltage was 
applied to a separate Vsw switch (voltage slew rate ~ 103 V / s) in the range from 0 to 6 V, then the 
voltage was decreased to 0 V at the same rate. I–V characteristic of the switch, dependence of the current 
of the Isw switch on the voltage Vsw at ambient temperature T0 = 300 K is presented in Figure 1(b). 
 
 
(a) 
 
(b) 
Figure 1. The electric circuit of the VO2 neuron with the thermal mechanism of 
the membrane potential (a), and the model I-V characteristics of the switch 
obtained at different ambient temperatures T0 = 300 K and T0 = 310 K (b) 
 
Turning the switch on and off is caused by reaching the critical phase transition temperature Tth in 
the VO2 channel region. The temperature of the channel is determined by two competing processes: 
Joule resistive heating by the flowing current and heat dissipation into the environment. As a result, two 
branches can be distinguished on the I-V characteristic: high-resistance branch (Roff ~ 57.6 kΩ), low-
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resistance branch (Ron ~ 630 Ω), switching on point (Vth = 5 V, Ith = 1.3∙10-4 A) and switching off point 
(Vh = 1.45 V, Ih = 1.7∙10-3 A). 
The neuron circuit contains a VDD voltage source, a VO2 switch, and a load resistor Rs, connected in 
series with the switch (Figure 1(a)). In the proposed model, the maximum temperature VO2 of the 
channel induced by external sources on the region of the switching channel TP serves as an analogue of 
the membrane potential. Thermal waves from external sources dynamically change the ambient 
temperature, increasing it T0’ = T0 + TP. The threshold function is the temperature TP_th, and the switching 
effect is observed above this temperature (TP ≥ TP_th). The generation by a neuron of a current pulse 
(spike), which is a one-time transition of a switch from a high-resistance to a low-resistance state, can 
occur by two mechanisms, presented in Figure 2. 
 
 
(a) 
 
 
(b) 
 
(c) 
 
(d) 
Figure 2. I-V characteristic and the load curve during spike generation by the voltage pulse VDD 
(a, c) and the temperature pulse TP (b, d) 
  
2.1. Mechanism of current spike generation by voltage pulse  
The generation of a current spike by a neuron can happen by the influence of a voltage pulse of supply 
VDD (Figures 2(a, c)). Figure 2(a) demonstrates the load line of the neuron circuit (Figure 1(a)). It is a 
straight line of the I–V characteristic of the switch, intersecting the ordinate axis (Isw) at the point 
(0, VDD / Rs) and intersecting the abscissa axis (Vsw) at the point (VDD, 0). The intersection point of the 
load line and the I-V characteristic is determined by the current flowing in the circuit. This rule is proven 
by the equation of the neuron circuit: 
 DD sw sw s sw( )V I V R V   , (1) 
where Isw (Vsw) is the function of the I–V characteristic of the neuron. The equation can be solved by the 
graphical method, presented (1) in the form: 
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The intersection of the I–V characteristic Isw (Vsw) and the load line I = VDD / Rs - Vsw / Rs gives a solution 
to equations (1-2), called the operating point of the circuit. 
When the operating point is set to the pre-threshold state (point A in Figure 2(a)), by the supply of 
the corresponding voltage VDD, the switch is in the closed (high-resistance) state. With a pulsed increase 
in VDD, the load line shifts upward (see dotted notation), a switchover occurs, and the working point 
moves to a low-resistance branch (point B in Figure 2(a)). Points A and B are stable states of the circuit, 
as they are located on the branches of the I–V characteristic with positive differential resistance. In 
circuit shown in Figure 1(a), periodic pulsed oscillations can be observed under a constant voltage VDD. 
These oscillations occur if the operating point is on an unstable section of the I–V characteristic with a 
negative differential resistance, between the points (Vth, Ith) and (Vh, Ih). 
For a neuron to generate the pulsed signals, a capacitor is usually installed in parallel to the switch 
[14,15]. However, such capacitors occupy a significant area on the plate; and, to miniaturize the neuron, 
the capacitors installation should be avoided. Therefore, we used a voltage pulse VDD to generate a 
current pulse Isw. When generating a current pulse Isw, the delay times of switching on on  and switching 
off off  should be taken into account, which are caused by the time processes of the current channel 
formation, described in [16]. The delay time on has a strong dependence on the amplitude of the voltage 
pulse VDD, and can vary from a few milliseconds to several nanoseconds. 
2.2. Mechanism of spike generation by a temperature pulse  
Another mechanism for generating a current spike is the thermal pulse induced on the switch (see 
Figures 2(b, d)). Temperature waves (pulses) TP, propagating from neighbouring switches, can cause 
short-term channel heating (T0’ = T0 + TP), which will lead to a decrease in threshold parameters (Vth, 
Ith, Vh, Ih). This, in turn, will cause the VO2 switch to switch (Figure 2(b)) from the high-resistance state 
(point A) to the low-resistance state (point B). Such switching has a threshold character and occurs at 
TP ≥ TP_th. In this case, the value of TP_th can have very small values, fractions of a degree, since point A 
can be set arbitrarily close to the switching threshold (Vth, Ith), and the dependence of Vth on T0 is strong. 
When heating up by just TP = 10 K, from a temperature of T0 = 300 K to T0’= 310 K, the value of Vth 
decreases almost twofold. With the decrease of VDD, the operating point A shifts to the left, and the value 
of TP_th increases. By this way, we can vary the threshold in the VO2 neuron. 
3. Modelling the total effect on the membrane potential of the VO2 neuron 
The thermal effect on a neuron was studied using a model circuit consisting of three VO2 neurons, which 
switching elements “Switch 1, 2, 3” are depicted in Figure 3(a). Neurons 1 and 2 were controlled by a 
voltage pulse VDD = 6 V and acted on neuron 3, which was supplied with a constant voltage VDD = 1.8 V. 
The values of the load resistors were as follows: Rs_1=1 k, Rs_2= 1 k, Rs_3=500 . The task was to 
detect the properties of the integrated action of neurons 1 and 2 on neuron 3. The distances between the 
switching structures are shown in Figure 3(a). The distance between “Switch 2” and “Switch 3” was 
larger than between “Switch 1” and “Switch 3” that the effect was not equivalent. We demonstrated in 
previous studies [17,18] that the temperature wave propagates from the switch along the substrate in all 
directions at a fixed speed, and the amplitude of the thermal pulse decreases exponentially with distance. 
By analogy with a biological neuron, a thermal wave corresponds to an action potential propagating 
along an axon. Using thermal pulses and the dependence of the I–V characteristics of the switches on 
temperature, it is possible to implement a thermal connection between neurons. Moreover, as thermal 
pulses can overlap each other, forming a kind of interference, a summing input of an LIF neuron can be 
implemented. 
  
 
 
 
 
 
(a) 
 
(b) 
Figure 3. The switches arrangement of the three VO2 neurons (a). The 
temperature distribution in the modelled structures after the switch 3 
is turned on at time t1 in Figure 4(b) 
 
Figure 4(a) demonstrates the thermal effect of neuron 1 on neuron 3. Switching of neuron 1 is 
initiated by voltage pulse VDD_1. According to the current oscillogram, the current Isw_1 does not increase 
and decrease instantly, but there are turn on and turn off times: on ~ 33 ns, off ~ 80 ns. If the VDD pulse 
duration is less than on, then the switch will not turn on. A similar effect can be used to create a summing 
effect at the input, and it will be the subject of our future studies. The current in switch 3 (Isw_3) increases 
synchronously with the current Isw_1, but it changes slightly, since the induced temperature is insufficient 
for switching. Figure 4(a) presents the oscillograms of the temperature T3 on switch 3 for two values of 
VDD_3. The measurement point is located on the edge of the channel (point “x” in Figure 3(a)). At VDD_3 
= 0, the dependence T3(t) characterizes the induced temperature TP_1(t) = T3(t) - T0 from the first neuron; 
the graph TP_1(t) is presented in Figure 3(a). The maximum heating temperature is TP_1 ~ 14 K, and this 
temperature is not enough for the switching at VDD_3 = 1.8 V. 
With an increase in the duration of the signal supplied to neuron 1, it is possible to achieve switching 
of neuron 3 (Figure 4(b)). In this case, the induced temperature TP_1(t) exceeds the threshold value TP_th 
required for switching. Using the dependence of TP_1(t) and the turn-on time, it is possible to determine 
the value TP_th ~ 17 K. The turn-on time is detected by the sharp increase of Isw_3 and T3. Therefore, a 
neuron has a threshold function due to the effect of electrical switching. 
If to neuron 1 and neuron 2 the short pulses are fed, which individually cannot initiate the switching 
of neuron 3, then for certain values of the time shift Δt between pulses, we can observe the summation 
of pulses’ temperature effect and the transition of switch 3 to the on state (see Figure 4(c)). The total 
effect on the neuron TP(t) can be expressed as the sum TP(t) = TP_1(t) + TP_2(t), and the graph of the effect 
is presented in Figure 4(c). Switching occurs, when the threshold TP_th ~ 17 K is reached, which 
corresponds to previous measurements on a single pulse. 
The temperature distribution on the switches, at time t1 = 1.42 μs, is presented in Figure 3(b). The 
maximum temperature and the origin of the conducting channel is observed at the edge of switch 3, from 
the side of arrival of thermal pulses. 
 
  
 
 
 
 
 
(a) 
 
(b) 
 
(c) 
Figure 4. Temporal dependences of voltage, current, and temperature on the switches when applying 
a pulse of 300 ns (a) and 550 ns (b) duration to switch 1. Supply of pulses with a time shift Δt to 
switches 1 and 2 (c). The time dependences of the corresponding functions of the membrane potential 
TP(t) are placed on the temperature scale. 
   
The dependence of the maximum current of switch 3 on the delay Δt between two input pulses is 
presented in Figure 5. This dependence determines the range Δt (from -0.3 μs to -0.15 μs), when the 
pulses “help” each other to turn the switch to the on state. The graph asymmetry with respect to Δt = 0 
s is caused by different propagation times of thermal pulses from two switches. 
In the case of N acting neurons, the membrane potential of the output neuron is calculated as the sum 
of the temperature effect from all neurons: 
 
P P_i
1
P P_th
( ) ( , )
firing threshold  ( )
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T t T t r
T t T
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


. (3) 
where ri is the distance to the i-th neuron. For short pulses with a duration of ~ 1 μs, the effects associated 
with the propagation time of the thermal wave are significant and are reflected in phase shift between 
the thermal pulses induced from the switches at different distances. For example, at a wave velocity of 
~ 6 m / s [17], its propagation time by 1 μm is ~ 0.17 μs. 
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Figure 5. The dependence of the maximum current of switch 3 on the 
delay Δt between voltage pulses applied to switches 1 and 2 (the delay 
of the second switch relative to the first switch). 
 
4. Conclusion 
The study presents a new model of leaky integrate-and-fire VO2 neuron with a thermal mechanism of 
membrane potential. The operation of three neurons was simulated, and it was demonstrated that the 
total effect occurs due to interference of thermal waves in the region of the neuron switching channel. 
The thermal mechanism of the threshold function is caused by the effect of electrical switching, and the 
magnitude (temperature) of the threshold can vary by external voltage. The neuron circuit does not 
contain capacitors, making it possible to produce a network with a high density of components, and has 
the potential for 3D integration due to the thermal mechanism of neurons interaction. 
 
Acknowledgment 
This research was supported by the Russian Science Foundation (grant no. 16-19-00135).  
The authors express their gratitude to Dr. Andrei Rikkiev for the valuable comments in the course of the 
article translation and revision. 
 
References 
[1]  Makridakis S 2017 The forthcoming Artificial Intelligence (AI) revolution: Its impact on 
society and firms Futures 90 46–60 
[2]  James C D, Aimone J B, Miner N E, Vineyard C M, Rothganger F H, Carlson K D, Mulder S 
A, Draelos T J, Faust A, Marinella M J, Naegle J H and Plimpton S J 2017 A historical survey 
of algorithms and hardware architectures for neural-inspired and neuromorphic computing 
applications Biol. Inspired Cogn. Archit. 19 49–64 
[3]  Liu W, Wang Z, Liu X, Zeng N, Liu Y and Alsaadi F E 2017 A survey of deep neural network 
architectures and their applications Neurocomputing 234 11–26 
[4]  Zhang Q, Yang L T, Chen Z and Li P 2018 A survey on deep learning for big data Inf. Fusion 
42 146–57 
[5]  Maass W 1997 Networks of spiking neurons: The third generation of neural network models 
Neural Networks 10 1659–71 
[6]  Ghosh-Dastidar S and Adeli H 2009 Spiking neural networks Int. J. Neural Syst. 19 295–308 
[7]  Izhikevich E M 2004 Which model to use for cortical spiking neurons? IEEE Trans. Neural 
-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
0.0
2.0x10
-4
4.0x10
-4
6.0x10
-4
8.0x10
-4
1.0x10
-3
1.2x10
-3
I 3
_
m
a
x
 (
A
)
t (s)
  
 
 
 
 
Networks 15 1063–70 
[8]  Merolla P A, Arthur J V., Alvarez-Icaza R, Cassidy A S, Sawada J, Akopyan F, Jackson B L, 
Imam N, Guo C, Nakamura Y, Brezzo B, Vo I, Esser S K, Appuswamy R, Taba B, Amir A, 
Flickner M D, Risk W P, Manohar R and Modha D S 2014 A million spiking-neuron integrated 
circuit with a scalable communication network and interface Science (80-. ). 345 668–73 
[9]  Andrews J L, Santos D A, Meyyappan M, Williams R S and Banerjee S 2019 Building Brain-
Inspired Logic Circuits from Dynamically Switchable Transition-Metal Oxides Trends Chem. 
[10]  Lappalainen J, Mizsei J and Huotari M 2019 Neuromorphic thermal-electric circuits based on 
phase-change VO 2 thin-film memristor elements J. Appl. Phys. 125 44501 
[11]  Yi W, Tsang K K, Lam S K, Bai X, Crowell J A and Flores E A 2018 Biological plausibility 
and stochasticity in scalable VO2 active memristor neurons Nat. Commun. 9 4661 
[12]  Pergament A, Velichko A, Belyaev M and Putrolaynen V 2018 Electrical switching and 
oscillations in vanadium dioxide Phys. B Condens. Matter 536 239–48 
[13]  Velichko A, Belyaev M, Putrolaynen V, Perminov V and Pergament A 2018 Thermal coupling 
and effect of subharmonic synchronization in a system of two VO2 based oscillators Solid. 
State. Electron. 141 40–9 
[14]  Lin J, Guha S and Ramanathan S 2018 Vanadium Dioxide Circuits Emulate Neurological 
Disorders. Front. Neurosci. 12 856 
[15]  Belyaev M and Velichko A 2019 A Spiking Neural Network Based on the Model of VO2—
Neuron Electronics 8 1065 
[16]  Belyaev M A, Boriskov P P, Velichko A A, Pergament A L, Putrolainen V V., Ryabokon’ D 
V., Stefanovich G B, Sysun V I and Khanin S D 2018 Switching Channel Development 
Dynamics in Planar Structures on the Basis of Vanadium Dioxide Phys. Solid State 60 447–56 
[17]  Velichko A A and Belyaev M A 2019 An Investigation of the Effect of the Thermal Coupling 
Time Delay on the Synchronization of VO2-Oscillators Tech. Phys. Lett. 45 61–4 
[18]  Velichko A, Belyaev M, Putrolaynen V, Perminov V and Pergament A 2018 Modeling of 
thermal coupling in VO 2 -based oscillatory neural networks Solid. State. Electron. 139 8–14 
 
